Contraves Space AG is currently developing with support from ESA the OPTEL family of optical intersatellite link (O-ISL) terminals for commercial optical satellite crosslinks. The OPTEL family comprises three terminals designed to meet all interesting O-ISL applications ranging from short range links (typically 2,000 km distance) to long range links (up to 80,000 km). The scope of these projects is to develop the technologies needed for the OPTEL terminal best positioned to meet near term market opportunities for commercial O-ISL, and to also bring these technologies together in order to produce a complete O-ISL terminal that can be demonstrated to future customers.
INTRODUCTION
Contraves Space recognized the demand for O-ISL between satellites and started the development of O-ISL terminals in 1995 and today has designed a family of three O-ISL terminals to meet satellite applications. The design of the three terminals follows a modular approach allowing specific customer requirements to be met without the need for a major re-design of the complete terminal [1] .
The Contraves O-ISL terminal family consists of three terminals to support the main applications:
• OPTEL 80, the long range terminal capable of transmitting data at Gbit/s rates over distances of typically 80,000 km. American Institute of Aeronautics and Astronautics
• OPTEL 25, the medium range terminal capable of transmitting data at Gbit/s rates over distances of typically 25,000 km.
• OPTEL 02, the short range ISL terminal capable of transmitting data at Gbit/s rates over distances of between 100 km (for co-located satellites) to typically 2,000 km.
The development of the OPTEL terminals has been performed within Contraves Space AG under the CLEOPATRA programme. This programme comprises a number of projects supported. The CLEOPATRA programme is led by Contraves Space for the development of the optical inter-satellite link (O-ISL) terminal for commercial utilisation of optical satellite crosslinks. The scope of the programme is to develop the O-ISL terminal design to meet near term market opportunities and test a complete terminal in order to verify the design.
For the CLEOPATRA programme the O-ISL terminal selection is driven by near term market opportunities. Contraves Space has performed system studies with satellite operators and suppliers to determine a suitable terminal for this market. The best suited terminal is the OPTEL-25 terminal designed specifically for GEO-GEO crosslink applications.
The embarkation of an OPTEL 25 GEO terminal on a standard telecommunications satellite has been studied previously by Contraves Space [2] . In this study a satellite carrying a conventional Ku-band payload was evaluated to determine what impact, if any, there would be for the accommodation of an OPTEL 25 GEO terminal that can support analogue communications crosslinks [3] . The result of this study showed that due to the small size and low mass of the OPTEL 25 GEO terminal it can be accommodated on this class of satellite without any major impact to the mission configuration or spacecraft budgets.
Within the CLEOPATRA programme the performance of the OPTEL 25 GEO terminal is verified in the first instance through the production of an Engineering Breadboard (EBB) for a complete optical head, associated electronics and embedded software. Functional tests are performed to demonstrate and validate the main functions of the terminal. In a second step the OPTEL 25 GEO terminal is upgraded to a complete terminal comprising optical head, electronics unit and laser unit. The testing to be performed is then extended to include environmental testing to validate the performance of the terminal under in-orbit conditions.
A previous paper has reported on the design and performance of the optical head and associated electronics for the OPTEL 25 GEO terminal [2] . In this paper we present the results of the functional tests performed on the laser unit. The objective of these tests has been two fold: firstly to demonstrate the performance of the modules in the laser chain and secondly at laser unit level to demonstrate that the operating environment can be realised that allows the performance of the laser modules to be met in the harsh environment of a space application.
OPTEL TERMINAL CONFIGURATION
The design of the Contraves Space OPTEL family of terminals follows a modular approach with each terminal essentially comprising three main units and within each unit generic sub-units that can be used across the whole product range [1] . The three main units for each OPTEL terminal are:
• Optical Head Unit (OHU) located outside the spacecraft nominally on the nadir panel.
• Laser Unit (LU) which can be located inside the spacecraft within the communications module (CM).
•
Electronics Unit (EU) also located in the CM. For ease of accommodation the EU and LU are connected to one another via a harness making it possible to accommodate these units in different parts of the CM if required for spacecraft accommodation reasons. The OHU, LU and EU are connected to one another by a harness comprising both electrical and fibre optical cables to transmit the signals between the three units.
Optical Head Unit
A photograph of the OPTEL 25 GEO OHU is shown below in Figure 1 . Once these requirements are fulfilled then the communications link can be achieved.
The OHU primarily comprises a coarse pointing mechanism, telescope and optical bench. Within the OB assembly there are the optical sensors and fast beam steering mechanisms. Three separate beam steering mechanisms are incorporated into the OHU to achieve the required pointing capability. These are:
• Coarse Pointing Assembly (CPA): The CPA is used to point the terminals line of sight towards the partner satellite and to compensate the low rate disturbances or drift introduced from the satellites to the crosslink. The CPA employs a gimballed mirror allowing for a compact and low mass solution to the optical head.
• Fine Pointing Assembly (FPA): The FPA is used to compensate the vibrations from the host satellite. The FPA is used in a closed loop with the tracking sensor to precisely control the laser beam pointing direction.
• Point Ahead Assembly (PAA): The PAA is needed to introduce an offset between the transmit and receive beams to account for the finite velocity of light.
To be able to control these three pointing mechanisms two optical sensors are used within the optical bench to monitor the angular direction of the transmit and receive optical signals. These are:
• Acquisition Sensor (AS): The AS is used for the acquisition and coarse tracking functions needed during the initiation of the link.
• Tracking Sensor (TS): The tracking sensor is used during the tracking and communications modes to provide the feedback signal to the FPA to compensate for the host satellite vibrations. The tracking sensor operates on the principle of fibre nutation allowing the received light to be optimally coupled into the optical fibre that is then routed to the communications electronics within the Electronics Unit.
Finally, a set of low power electronics, to operate the sensors and actuators, completes the subassemblies of the OHU.
Electronics and Laser Unit Description
The primary functions of the Electronics and Laser Units are:
• Generation and modulation of the optical carrier with the channels to be transmitted over the crosslink.
• Reception and recovery of the channels from the received optical carrier.
•
Control of the PAT subsystem. Control of the communications and laser subsystems.
Power supply for the EU, LU and OHU sub-units.
Interface to the communications payload at the selected IF.
Interface to the spacecraft TM/TC subsystem.
Interface to the spacecraft power supply unit.
The EU and LU are shown in Figure 2 . The above functions are implemented within the following subunits:
• Communications electronics sub-unit that contains the analogue communications electronics and optoelectronic components needed to transfer the payload channels over the crosslink.
• Laser unit that comprises the Nd:YAG lasers (Tx and Lo) and associated pump modules, optical fibre amplifier and associated pump module and the high power beacon.
Laser controller sub-unit that contains the entire laser control electronics and laser pump drive electronics used to power laser modules that constitute the laser sub-unit.
Terminal controller sub-unit incorporating the main control computer for the terminal, together with its interface circuits.
• DC-DC converter sub-unit needed to provide the power supply and regulation functions for the terminal. The design of the DC-DC converter sub-unit assumes a 50 V regulated interface to the spacecraft PSU that is compatible with the Spacebus 3000 series.
Connecting the sub-units of the EU is the intra-unit harness. This is a high speed local bus for the EU used to distribute the electrical and optical signals around each of the sub-units.
The electronics sub-units use a standardised mechanical design for each of the sub-units allowing a flexible configuration for the EU. American Institute of Aeronautics and Astronautics The Laser Unit (LU) comprises the following laser modules needed for the communications and acquisition functions of the optical terminal:
• Tx and LO pump modules comprising up to eight diode lasers that emit 808 nm pump light.
• Tx and LO lasers that emit a stable narrow linewidth CW signal at 1064 nm.
• Beacon Laser is a copy of the Tx and LO pump modules emitting a high power 808 nm signal.
• Optical Fibre Amplifier (OFA) that is used to boost the modulated Tx signal up to the required optical power level needed to close the communications link budget.
• OFA Pump comprising up to 12 diode laser bars emitting light at 972 -982 nm that is used to pump the OFA.
The laser modules are mounted to a thermally controlled baseplate -the laser bench thermal control subsystem (LBTCS). The LBTCS employs loop heat pipe technology to stabilise the temperature at the laser interface and to transport the dissipated power away from the laser to a dedicated thermal radiator.
Tx and LO Pump Modules / Beacon Laser
The Tx and LO pump modules as well as the beacon laser all use a scalable high brightness design developed jointly by Contraves Space and BrightPower [4] . Within the LU we use three of these scalable modules: one for the Tx pump, one for the LO pump and one for the beacon laser.
Each module comprises eight diode lasers (200 µm broad area C-mounted diode lasers with up to 2 W optical output power) that are mounted to the baseplate together with the optical elements needed to combine the emitted signal from each diode laser into a multimode fibre. The diverging beam emitted from each diode facet is collimated using a series of fast and slow axis collimating lenses. The collimated beam from each diode laser is then routed and combined using two mirrors to the focussing optics that focus the laser beam into a 100 µm multimode optical fibre.
To meet the required power level for pumping the Tx and LO lasers it is necessary to simultaneously operate two diode lasers. Furthermore, to achieve the required reliability for the LU then for a 15 year mission four pairs of the diode lasers are required. In the case of the beacon where much higher power levels are neededbut for a much shorter operational lifetime -then the American Institute of Aeronautics and Astronautics eight diode lasers are operated simultaneously. However, with our unique scalable design different redundancy schemes can be implemented depending on the user needs and applications.
Material selection and the thermo-mechanical design have been carried out to withstand the harsh environmental conditions typical of the launch phase and on-orbit (space) environment. Optimisation of the mass and volume has led to a compact and easy to accommodate solution as shown in Figure 4 .
Figure 4: Photograph of the Tx and LO Pump Module and Beacon Laser
The functional and opto-mechanical performance has been validated by test and is summarised in Table 1 below. The modules have successfully undergone vibration and thermal cycling tests thereby qualifying the opto-mechanical design. Moreover, the design has proven to be able to withstand the severity of the loads applied -this has been verified by measuring the total efficiency (ratio between optical output power to electrical input power) before and after the environmental tests. A degradation of less than 3 % was measured. For a coherent detection system it is necessary to be able to tune the carrier frequency emitted from the Tx/LO lasers. This is achieved by accurate thermal control of the Nd:YAG crystal to achieve a coarse frequency tuning and then a piezo foil bonded to the Nd:YAG crystal for fast frequency control around the coarse setting.
Parameter
The mechanical and thermal design has been driven to derive a low mass, compact and optomechanically stable module which can withstand the space environment that the laser has to operate under. The materials have been selected accordingly. The dimensions of the laser module are 240 x 118 x 60 mm 3 and the mass is 0.5 kg. A photograph of the Tx laser is shown in Figure 5 . Table 2 . In addition to the functional tests a radiation test campaign has been performed to determine the degradation of the laser and optical performance as well as a set of performance tests. The performance tests were together with the pump modules and analogue communications electronics to determine the performance of the lasers within a coherent communications subsystem. 

Optical Fibre Amplifier
Once the 1064 nm transmit signal has been generated within the Tx laser and the communications data has been modulated onto this optical carrier then the next stage in the laser chain is to boost the optical power of this carrier to the required level to meet the link budget requirements. This is achieved using an optical fibre amplifier (OFA). For the Contraves OPTEL terminals the OFA is being developed by INO of Quebec, Canada.
The modulated signal is connected to the OFA using SM fibre. The light from the fibre is then collimated within the OFA before being combined with the pump laser beam. The pump wavelength for the OFA is at 977 nm. The combined Tx signal and pump beam are then focussed into a double clad Yb-doped optical fibre where the Tx signal is amplified to the required optical power. The amplified signal is then collimated and finally coupled again into SM PM fibre for routing through to the optical head. The design of the OFA is therefore made up of five distinct subassemblies:
• Double clad Yb-doped fibre.
• Optical isolators.
• Pump / signal combiners (referred to as L-bases).
• Signal monitoring system.
• Housing.
A photograph of the partially assembled OFA is shown in Figure 6 where the subassemblies can be seen. The functional and opto-mechanical performance for the OFA has been validated by test and is summarised in Table 3 below. The Yb-doped fibre has undergone radiation testing and the complete OFA assembly vibration and thermal cycling tests. 
Parameter
OFA Pump Module
The OFA pump (OFAP) module is responsible for providing the high power 977 nm pump beam for the OFA described previously. The primary function of the OFAP is therefore to transfer the optical pump power from a set of diode laser arrays (DLA's) to the OFA. In order to achieve this and also to meet the required pump power and reliability requirements for this application it is necessary to use up to twelve DLA's and to incoherently combine the output into a beam for coupling into the OFA fibre. The OFAP has been developed jointly by Contraves Space and Fisba Optik.
The OFA pump module uses DLA's in which each array has 24 -25 emitters on 10 mm wide bars. Each DLA is capable of emitting up to 25 W. Twelve DLA's are mounted to baseplate together with the optical elements needed to combine the emitted signal from each diode bar into a collimated optical beam.
Within the OFA pump the output from six DLA's are combined into one beam for the forward pumping of the OFA fibre and the output from the remaining six DLA's are combined into another collimated beam for American Institute of Aeronautics and Astronautics backward pumping of the OFA fibre. To meet the required power level for pumping the OFA it is necessary to operate the equivalent of one DLA at a time. However, due to the high thermal load that this would create (thereby increasing the junction temperature for the diode emitters and compromising the reliability for the device) a solution has been developed that operates three DLA's simultaneously. Each DLA is addressable such that three sub-groups of emitters can be operated independently. In this way three sub-groups from three different DLA's can be operated to achieve the required power whilst spreading the thermal load over a broader area. In this way the junction temperatures for the DLA's can be better controlled and the reliability improved.
Material selection and the thermo-mechanical design have been carried out to withstand the harsh environmental conditions typical of the launch phase and on-orbit (space) environment. A photograph of the interior of the OFAP is shown in Figure 7 . The functional laser performance and opto-mechanical performance of the OFAP has been validated by test and the results are summarised in Table 4 Laser Bench Thermal Control Subsystem To be able to operate the laser modules described previously with the required performance and reliability to meet the mission requires a thermal control subsystem (TCS). The TCS is required to maintain a stable interface temperature to the laser modules over the required operating temperature range.
The laser bench TCS employs capillary pump loop (CPL) heat pipe technology to stabilise the temperature at the laser interface and to transport the dissipated power away from the lasers to a dedicated thermal radiator. For the OPTEL terminals the LBTCS is being developed by EuroHeat Pipes SA of Belgium.
CPL is a 2-phase capillary pumped system that is highly efficient for transporting of heat from a hot source (i.e. the laser modules) to a cold source. The working medium (Ammonia) undergoes a liquid to vapour phase change at the evaporator and a vapour to liquid phase change at the condenser. Capillary pumping performs the physical movement of vapour and liquid within this cycle.
The laser bench thermal control subsystem (LBTCS) consists of two adapter plates which are bolted to the CPL evaporator flanges and to which the laser modules are mounted. Power dissipated within the laser modules is then conducted through the thermomechanical structure of the modules to the evaporator where the heat is then used to heat the ammonia. The CPL then transports to ammonia vapour through the vapour line to the condenser which is mounted to the thermal radiator of the satellite. At this point the heat is dissipated and the ammonia vapour condenses back to liquid phase and transported along the liquid lines to the evaporator. At the evaporator there is also a reservoir which is used for the control of the LBTCS to ensure both CPL operation and start-up capability. Figure 8 shows the constituent elements of the LBTCS. The LBTCS has been tested to verify the functional performance at steady state and also the start-up capability from the extremes of the thermal operating range (i.e. -35°C and +60°C). At these two extremes of the thermal operating range the LBTCS must be able to control the temperature of the baseplate in vacuum to the required temperature ranges defined for each laser module. This has been successfully demonstrated. In addition, the LBTCS has successfully undergone vibration and thermal cycling tests thereby qualifying the LBTCS design and verifying its suitability to be able to withstand the severity of the loads applied. The key performance data for the LBTCS is summarised in Table 5 
